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INTRODUCTION
A number of recent investigations on boiling of nanofluids showed that such engineered fluids can effectively delay departure from nucleate boiling (DNB) with respect to pure fluids (You et al., 2003; Vassallo et al., 2004) . It was found that the DNB heat flux enhancement is closely related to nanoparticle deposition, which may change the heater surface roughness significantly (Bang and Chang, 2005; Kim et al., 2006) . Moreover, the deposition of oxide nanoparticles like alumina and titania significantly enhances the affinity, or wettability, of the liquid to the surface (Kim et al., 2007) . These surface changes alter the boiling heat transfer characteristics, e.g., they increase the value of the critical heat flux. Park et al. (2004) performed quenching experiments of a copper sphere in alumina nanofluids to investigate the effect of the nanoparticles on film boiling heat transfer. Their results showed that the film-boiling heat transfer rate in nanofluids was somewhat lower than in pure water. However, they observed an intriguing phenomenon: after quenching a sphere in nanofluids, they repeated the test with the same sphere, and found that the sphere would quench much more rapidly, apparently bypassing the film boiling mode altogether. This result suggested that nanoparticle deposition on the sphere surface prevents formation of a stable vapor film, which consequently promotes a more rapid quenching. Later, some investigations were carried out by Xue et al. (2007) , Choo et al. (2008) , Kim et al. (2008) with similar results; however, the mechanism by which nanoparticle deposition accelerates the quenching process is not clearly understood yet.
To investigate the effect of nanofluids/nanoparticles on the quenching phenomena, we conducted quenching experiments with stainless steel rodlets in water and nanofluids. These experiments, their results and interpretation are reported in the present paper.
NANOFLUIDS PREPARATION AND PROPERTIES
We selected nanofluids with alumina nanoparticles, as this material is widely used in previous investigations of nanofluid boiling heat transfer, and also resulted in considerable enhancement of the critical heat flux.
Also, diamond nanoparticles were selected to explore the effect of a material with very different physico-chemical properties. Water-based nanofluids of these two materials were purchased from Nyacol (alumina) and PlasmaChem (diamond). Nanofluids with low nanoparticle concentrations (0.1vol%) were prepared by diluting the concentrated nanofluid purchased from the vendors with distilled water.
The size of the nanoparticles in the dilute nanofluids was measured with the dynamic light scattering technique, and the averaged diameter was found to be 39 nm for alumina and 165 nm for diamond, respectively. The surface tension, thermal conductivity and viscosity of the nanofluids were measured by means of a Sigma 703 tensiometer, a KD2 thermal conductivity probe and a capillary viscometer, respectively. All the nanofluid properties were found to be within ±5% of those of pure water, which is not surprising, given the low concentration of nanoparticles used in our experiments. Figure 1 shows the details of the test specimen for the quenching experiments.
EXPERIMENTAL DESCRIPTION
A test specimen consists of a stainless steel rodlet (50 mm in length and 4.8 mm in diameter), a 0.5 mm-diameter K-type sheathed ungrounded thermocouple to record the temperature at the center of the rodlet, and a reinforcing precision tube to mechanically support them. The reinforcing tube is connected to a 9.5 mm-diameter connecting tube via a tube fitting.
The quenching experimental facility consists of a radiant furnace, an air slide, a quench pool, and a data acquisition system. The test specimen is preheated to 1030C in the furnace. Then the test specimen is quickly plunged from the furnace into the pool of the test fluid, which is maintained at atmospheric pressure and subcooled temperature of 30 or 80C. The quench pool is a 95  95 mm 2 rectangular vessel having depth of 150 mm, which has an effectively infinite thermal capacity with respect to the test specimen.
The pool temperature is controlled by a programmable digital hot plate. The temperature history of the inserted thermocouple at the center of the specimen is recorded using a HP Agilent 34980A data acquisition system at a rate of 10 Hz. Furthermore, the quenching process is recorded by a high speed video camera (Phantom v7.2). Further details regarding the quench facility can be found in a previous paper (Kim et al., 2008) . Figure 2 shows the temperature histories of the rodlet specimens during repeated quenching tests in water, alumina and diamond nanofluids. Repetition of the quenching test in water produced consistent cooling curves with similar values of the rodlet temperature at which the slope changes dramatically, in the range from 410C to 430C. The initial quenching test in alumina nanofluids showed a temperature history that is almost identical to that in the water tests. However, the quenching process in the subsequent repetitions with the alumina nanofluids was considerably accelerated, with rodlet temperatures at the transition point increasing up to 740C (4 th run). On the other hand, the repetitions with diamond nanofluids did not display the same acceleration phenomenon, as shown in Fig. 2 
Figure 1 Schematics of the rodlet specimens

EXPERIMENTAL RESULTS
Transient cooling curve
Propagation of quench front
Quenching occurred through propagation of a quench front on the rodlet specimen for pure water and alumina nanofluids (Fig. 3) . The edge of the quench front was characterized by a line of vigorous boiling. The quench front speeds were measured from the high-speed camera frames, and the values are reported in Fig. 2 . With reference to Fig. 3(a) , the stable vapor film started to collapse from the bottom of the rod at the rodlet temperature of 420 C. The quench front moved up along the rod with a moving speed of 6.5-8.2 mm/sec. The initial quench front speed in alumina nanofluids was found to be ~7.2 mm/sec with an associated rodlet temperature of 420 C, within the scattering range of the water tests. However, the subsequent test in nanofluids showed quite a different behavior. The vapor film started to collapse at much higher temperature, ~700 C, and the quench front propagated at a much higher velocity, ~2.5 m/sec, which is about three orders of magnitude higher than the values for water. In fact, the quenching process was so fast, that the transition from film boiling to nucleate boiling seemed to occur almost simultaneously on the entire surface, as shown in Fig. 3(c) . Unfortunately, the diamond nanofluid was too opaque to visualize the quench front.
Effect of nanoparticle deposition
It is well known that a nanoparticle deposition layer is formed on the boiling surface due to evaporation of nanofluids (Kim et al., 2007) .
This was observed also in our experiments.
Since the accelerated quenching behavior observed in the alumina nanofluid tests is reproduced when an alumina-nanoparticle-fouled rodlet is quenched in pure water (6 th test case in Fig. 4) , it is clear that the nanoparticles deposited on the rodlet surface (not the nanoparticles dispersed in the nanofluid) are responsible for the accelerated quenching. With subsequent quenches in pure water, the quench front velocity gradually decreases again, which suggests that the particle deposition may be re-dispersed in water. Figure 4 Quench front velocity of water and alumina at 30C. 1-5: test in pure water or nanofluids; 6-10: tests in pure water for the rodlet previously quenched in tests 1-5.
DATA INTERPRETATION
The experimental results strongly point to the nanoparticle deposition on the surface to be responsible for the acceleration of the quenching process. In this section we discuss this effect in some detail.
When the hot rodlet and the cold liquid put in contact with each other, the instantaneous interface temperature assumes a value dictated by the thermal effusivities of the two materials (Carslaw and Jaeger, 1959) ,
If this interfacial temperature is higher than the rewetting temperature for the fluid/rodlet pair, quenching cannot occur. The rewetting of the liquid on the heated surface is governed by the maximum allowable superheat of liquid near the interface at the moment of contact (Spiegler et al., 1963) ,
Since the maximum allowable temperature depends on the physico-chemical properties of the surface, namely the wettability, Gerweck and Yadigaroglu (1992) suggested a wettability correction factor, f, to correlate the maximum allowable temperature with the critical temperature of the fluid, as shown below:
where T c is the critical temperature of the fluid, i.e., 374 C for water. At T sat =100 C (T sat /T C = 0.58), f is found (Gerweck and Yadigaroglu, 1992) to be 0.81 and 0.89 for clean stainless steel surface ( ~ 80) and alumina nanoparticle-fouled surface ( ~ 15), respectively. The rewetting temperatures on these two surfaces are then calculated using Eqs. (1) ~ (3), and are 251C for the clean stainless steel surface and 303C for the alumina nanoparticle-fouled surface.
The calculated values of the rewetting temperature can be used to estimate the corresponding quench front velocity, using a simple quench front propagation model. It is traditionally assumed that the quench front velocity is controlled by axial heat conduction within the solid substrate in the narrow quench front region. An approximate analytical solution of the twodimensional (r and z) quench front problem was derived by Duffey and Pothouse (1973) , as given below: 
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The density and specific heat in these equations are for the stainless steel rod. Bi in our study is about 3.7. Therefore, we can use Eq. (5) to estimate the quench front velocity. The boiling heat transfer coefficient, h, can vary from water to nanofluids, but the deviation is usually not very significant. For example, experiments performed in our laboratory showed that the nucleate boiling heat transfer coefficient of nanofluids is almost identical to that of water (Kim et al., 2009 ). Therefore, for this analysis a representative value of 510 4 W/m 2 /K was assumed for both water and the nanofluids. The temperature of the rod (at the time of transition from film boiling to nucleate boiling), T rod , is directly measured in our experiments, whereas the rewetting temperature is taken from the estimates at the beginning of this section. The temperature of the fluid is fixed at 80C. Table 1 reports the values of the quench front velocity calculated by means of Eq. (5) for three representative cases. In spite of a higher rewetting temperature, the model of Eq. (5) predicts a reduction of the quench front velocity for the nanoparticle-fouled rodlet, mainly because the rod temperature for this case is very high. However, the experiments clearly show the opposite trend, i.e., the nanoparticle-fouled rodlet has a much higher quench front velocity. This led us to question the physical validity of the model. Therefore, we decided to conduct numerical simulations of the two-dimensional quench front propagation problem. Figure 5 shows the model for the simulation of the vapor film collapse. The Fourier equation for two-dimensional transient heat conduction was numerically solved for our rodlet geometry using the commercial code FLUENT  6.0. To simulate the quenching process, the following assumptions were used for the convective heat transfer boundary conditions of the quenching surface: T rod = 750 C T rod = 420 C Figure 6 Numerical simulation results of quench front speed vs rewetting temperature. Figure 6 shows the predictions of the numerical simulations, and compares them to the analytical solution of Duffey and Pothouse (1973) . It is seen that the quench front velocity predicted by the numerical simulation is relatively low (and in good agreement with the analytical solution) when T rew << T rod . On the other hand, when the rewetting temperature approaches the rod temperature, T rew  T rod , the quench front velocity becomes very high, i.e., in the limit comparable to the experimentally observed velocity. The problem is that such a high rewetting temperature (420-750C) is not physically possible, as it is well above the critical temperature of water (374C). Therefore, we can conclude that the very high quench front speed is not compatible with the notion of a quench front that is controlled by axial heat conduction within the rodlet.
CONCLUSIONS AND FUTURE WORKS
Conclusions of this study are as follows:
1. The nanoparticles dispersed in the fluid at low concentration (< 0.1 v%) do not change the quenching process appreciably. 2. The nanoparticles that deposit on the rodlet surface may accelerate the quenching process very significantly, up to three orders of magnitude in terms of quench front propagation velocity, and up to 750C in terms of temperature at which the transition to nucleate boiling begins.
The acceleration strongly depends on the nanoparticle material used, i.e., the alumina nanoparticles on the surface significantly improve the quenching, while the diamond nanoparticles do not. 3. Vapor film collapse in the accelerated quench tests does not seem to be controlled by axial heat conduction in the rodlet.
Further investigation and quantification of the quench acceleration mechanism in the presence of nanoparticle deposition is underway. The results will be presented in a future publication.
